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We propose a method to monochromatize multiple orders of high harmonics by using a proper 
designed multilayer mirror. Multilayer mirrors designed by our concept realize the perfect extraction 
of a single-order harmonic from multiple-order harmonic beam, and exhibit broadband tunability and 
high reflectivity in the soft-x-ray region. Furthermore, the proposed monochromatization method 
can preserve the femtosecond to attosecond pulse duration for the reflected beam. This device is 
very useful for ultrafast soft x-ray experiments that require high-order harmonic beams, such as 
femtosecond/attosecond, time-resolved, pump-probe spectroscopy. 


High-order harmonic generation (HHG) can produce 
coherent soft-x-ray bursts that last only a few hundred 
attoseconds. To date, the pulse duration of an iso¬ 
lated attosecond pulse reaches sub-100 as region [I|, and 
its pulse energy reaches as high as micro) oule level 
By the way, tunable coherent soft-x-ray pulses are re¬ 
quired for applications such as an ultrafast pump-probe 
spectroscopy (see review ref. i). Although HHG can 
produce femtosecond/attosecond, coherent beams in the 
soft-x-ray region, time-resolved pump-probe experiments 
are best performed with tunable monochromatized ra¬ 
diation. Thus, monochromatization with tunability is a 
key subject for time-resolved pump-probe experiments 
that use high-order harmonic (HH) beams. However, 
monochromatization should be achieved in a manner that 
preserves an ultrashort pulse duration of an HH beam. 

One proposition to extract a single-order HH beam 
and preserve its pulse duration is the time-delay compen¬ 
sated monochromator (TDGM) M, which comprises 
a pair of gratings that compensate for the pulse front 
tilt. However, one drawback of the TDGM is a low 
throughput, which results from the low diffraction effi¬ 
ciency of the gratings. Moreover, TDGM requires not 
only a complex optical configuration but also temporal 
characterization Q of the extracted HH beam to con¬ 
firm the compensation of the pulse front tilt. Further¬ 
more, it is extremely difficult to completely compensate 
for the stretched pulse by employing the second grating 
[ 1,0 . Another monochromatization method uses a time- 
compensated monochromator with a multilayered mirror 
(MLM) [a. However, a traditionally designed MLM ex¬ 
hibits a long reflective tail that depends on the incident 
angle, and has a second-order reflectivity in the higher 
photon energy region. Thus, it is quite difficult to ex¬ 
tract a single-order HH beam in a wide tuning range. 

In this paper, we propose a properly designed MLM 
monochromator to efficiently extract a single-order HH 
beam. By considering a fabrication procedure for MLMs, 
we have established a design rule for monochromatizing 
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multiple orders of HH beams using MLMs. Not only is 
the proposed monochromatization method easy to perfo- 
erm, but it also perfectly isolates a single-order HH beam 
in the 25 - 130 eV region. Moreover, this monochromati¬ 
zation method preserves the femtosecond to attosecond 
temporal duration in the extracted HH beam because of 
the low dispersion value of our designed MLM. This de¬ 
vice can provide wide photon energy tunability on the 
femtosecond/attosecond, time-resolved, pump-probe ex¬ 
periment using HH beams. In addition, our method is 
useful for applications using HH beam, such as a seeded 
FEL [III, [lH , and imaging experiments [l^, [l^ • 

First, we examine the designing step of an MLM for 
extracting a single-order HH beam. Fabrication of a high- 
reflectivity EUV MLM requires (i) a large reflective index 
difference between low-Z material and high-Z material, 
(ii) a small periodic length fluctuation, and (iii) a smooth 
interface. Periodic length of multilayer and peak wave¬ 
length are related to Bragg’s Law: nd = mA/(2sind). 
Here the peak wavelength is shown as a function of m, 
6, and d: \{m,9,d) = 2d sin 0/m, where n is an actual 
reflective index, d is a periodic length of multilayer, 0 is 
a grazing incident angle, and m is an order of Bragg’s 
reflection. The real reflectivity [R) of an MLM is re¬ 
lated to interface roughness as a Debye-Waller Factor; 
exp (—2(27rcrcos0/A)^), where a is the root mean square 
interface roughness. It is also known that a narrow- 
bandwidth EUV mirror is fabricated using a small 7 
(ratio of high-Z material thickness to d) multilayer [l5l| . 
Thus, to design the multilayer for monochromatization 
of an HH beam, it is most important to select a suit¬ 
able low-Z material, as the optical constants of a low- 
Z material largely contributes to optical characteristics, 
particularly variation in reflective profiles at each inci¬ 
dent angle. As a first step in the multilayer design of 
our monochromator, a low-Z material must be selected, 
which has a considerably smaller optical constant varia¬ 
tion and absorption coefficient at the target energy range. 
In the second step, periodic length d is determined such 
that A(2,90, d) = nd is smaller than the absorption edge 
of the low-Z material. Thus, reflectivity from the first 
order diffraction of the multilayer becomes considerably 
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TABLE I. Parameters for multilayer mirrors used as a 
monochromator. 



Period: d (nm) 

Bottom (nm) 

Layers: N 

SiC/Mg 

24.00 

Mg: 21.60 

60 

Zr/Al 

16.00 

Al: 14.40 

60 

Mo/Y 

9.00 

Y: 8.10 

80 



20 30 40 50 60 70 80 90 

Grazing incidence angie (deg.) 

FIG. 1. Reflectivity of a multilayer mirror. Top: Mo/Y, 
Middle: Zr/Al, Bottom: SiC/Mg. 


much higher than that from the higher-order diffraction. 
From these steps, the energy range for the MLM is de¬ 
termined. In the third step, a suitable high-Z material is 
selected based on both its reflectivity and multilayer fab¬ 
rication properties, as periodic fluctuations and interface 
roughness strongly influence the quality of an MLM. As 
a final step, 7 and a layer number (N) are optimized to 
suit the bandwidths and photon energy intervals for the 
specific HHG spectrum. 

Commonly, almost all the HHG experiments are 
demonstrated using a multicycle Ti: sapphire laser at 
800 nm (~ 1.55 eV), and consequently, HHG produces a 
discrete spectrum with photon energy intervals of ^ 3.1 
eV. As a general case, we designed MLMs for extract¬ 
ing a single-order HH driven by a 1.55 eV pump. Table 
1 shows the design parameters of three MLMs for our 
monochromator. To effectively isolate a single-order HH 
with specific photon energy in a reflected beam, one must 
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FIG. 2. Energy resolution and extinction ratio as a function 
of photon energy. Green: SiC/Mg, Blue: Zr/Al, Red: Mo/Y. 


optimize the multilayer parameters, as mentioned above. 
Here we explain the practical SiC/Mg multilayer design¬ 
ing procedure in detail. Note that Zr/Al and Mo/Y are 
also designed according to the same policy. In the low 
photon energy region, Mg, Al, and Si become candidates 
as low-Z materials. Due to its low absorption coefhcient, 
small variation in refractive index 0 , and attenuation 
of a higher-order reflection, we chose Mg as the low-Z 
material. Next, we examined a suitable high-Z material 
for layering with Mg. Due to their reflectivity proper¬ 
ties, SiC, B 4 C, Mo, and Pt are potential candidates as 
high-Z materials. Since Pt and Mo, like Mg, are metals, 
the interface roughness of a multilayer will be increased 
because of instability of the layer. Although the B 4 C 
has a slightly higher reflectivity as compared to SiC, we 
selected SiC as the high-Z material because of previous 
manufacturing results [13, 0. Finally, N and 7 were 
decided to be 60 and 0 . 1 , respectively, to isolate a single¬ 
order HH beam driven by the 1.55 eV pump. Similarly, 
Zr/Al and Mo/Y (see Table 1) were designed for photon 
energies of 40 - 70 eV and 70 - 130 eV, respectively. Note 
that these material combinations are also motivated by 
considering multilayer fabrication. 

The bottom panel in Fig. [T] shows the reflectivity of 
SiC/Mg MLM as a function of incident angle 9. Here, a 
was fixed to 0. The reflectivity curve for the s-polarized 
light shows a single peak with a Gaussian-like profile (see 
also Fig. IS, and its profile is almost maintained within 
the tuning range. Although a small portion of the reflec¬ 
tivity, due to m = 2, appears at higher than the ^ 50 eV 
region, the peak reflectivity at 27 eV is almost 10 times 
higher than that of m = 2 due to the absorption effect of 
Mg. As is shown, the reflected photon energy gradually 
changes, depending on the incident angle, while keeping 
a single peak profile. This corresponds to the spectral 
selection of the single HH beam by changing the inci¬ 
dent angle (9). Moreover, the average reflectivity stays 
50 % in the tunable range. The middle and top pan¬ 
els in Fig. [T] show the reflectivity of Zr/Al and Mo/Y. 
Zr/Al and Mo/Y can operate within the photon energy 
range of 40 eV - 70 eV with an average reflectivity of 
40 %, and within the range of 70 eV - 130 eV with an 
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average reflectivity of 30 %, respectively. Unfortunately, 
Mo/Y has a relatively high second-order reflectivity be¬ 
cause Y does not exhibit an absorption edge at 130 eV. 
When HHG of the 1.55-eV pump is demonstrated using 
rare gas targets, except He, the second-order reflectivity 
of Mo/Y does not cause a major problem because the 
cutoff energy is lower than 130 eV [mi- Note that a 
broadband reflectivity gradually appears at an incident 
angle below ~ 30° because a total reflection occurs at the 
top layer. Thus, the lowest incident angle of our MLM is 
dependent on a total reflection. 

Figure[5]shows the energy resolution of an MLM, which 
is defined by E/AE, where AE is a bandwidth (FWHM) 
of the reflective photon energy at each incident angle. 
In the tuning range, AE of SiC/Mg, Zr/Al and Mo/Y 
change from 1.3 eV to 2.2 eV, 1.8 eV to 2.8 eV, and 
1.5 eV to 2.3 eV, respectively. Thus, E/AE shows a 
relatively flat profile in the tunable range. As is dis¬ 
cussed below, the energy resolution relates to the ac¬ 
ceptable pulse duration for the reflected beam. Next, 
to evaluate the efficiency of the single HH beam iso¬ 
lation, we calculated an extinction ratio, defined by 
(i?(A-H3.1eV)-Hi?(£;-3.1eV))/2i?„,ax(A); i?(F;±3.1eV), 
which corresponds to the reflectivity of both sides of har¬ 
monic order. This index is the averaged value at both 
sides because a reflective profile is not perfectly symmet¬ 
ric as a function of the photon energy (see Fig. |3]). As 
is shown in Fig. [2 an extinction ratio almost maintains 
~ 10“^ order in the tunable range. This value is suffi¬ 
cient for isolating a single-order HH beam; however, we 
can improve the extinction ratio by two orders of magni¬ 
tude by employing a pair of MLMs. 
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onds. The calculated reflectivity of the SiC/Mg MLM 
at 9 = 70° is shown by the solid red line in Fig. |3l 
and its calculated spectral phase is given by the dashed 
line in the same figure. As is shown, the reflectivity of 
SiC/Mg has a Gaussian-like profile with an exponential 
tail. Since the propagation length of light inside the layer 
depends on the incident angle, the optical dispersion of 
our MLMs also changes, depending on the incident an¬ 
gle. The optical dispersion gradually decreases with the 
incident angle. AE becomes ~ 1.5 eV at 0 = 70°, which 
can support a tq =1.22 fs transform-limited (TL) pulse 
duration, according to ro(as) = 1835/A A with a Gaus¬ 
sian profile. When we consider the dispersion from the 
multilayer coating, the duration of the reflected pulses 
is 1.25 fs. Thus, we can safely conclude that our MLM 
almost preserves the TL pulse duration on the reflected 
beam. In addition, we can support attosecond pulse du¬ 
ration by optimizing the multilayer design. The solid 
blue and dashed blue profiles correspond to the reflectiv¬ 
ity and the spectral phase of another SiC/Mg multilayer 
at 9 = 70°, which was designed for covering an attosec¬ 
ond duration. Here, we changed the Mg thickness from 
21.60 nm to 20.40 nm, while other parameters fixed. AE 
increases to 2.0 eV, which supports a 910 as TL pulse 
duration. Although dispersion occurs, the duration of 
the reflected pulses is 935 as. Both of maximum reflec¬ 
tivity and bandwidth increases; however, the extinction 
ratio slightly decreases from 2.6 x 10“^ to 4.6 x 10“^. 
Note that the energy resolution and the extinction ratio 
are in the relationship of trade off. The designed Zr/Al 
and Mo/Y layers also exhibit similar temporal character¬ 
istics for the reflected beam. These mirrors can support 
a femtosecond, as well as an attosecond pulse duration, 
depending on the designed energy resolution. 



parameters shown in Table. 1. Blue profile: Mg thickness 
is 20.40 nm, but other parameters are the same as those in 
Table. 1 

To discuss the acceptable pulse duration for the re¬ 
flected beam, we evaluated the dispersion of the multi¬ 
layer coating. Though our designed MLM has enough 
bandwidth for reflecting sub-femtosecond pulses, a small 
amount of dispersion strongly influences the pulse dura¬ 
tion if its temporal duration is on the order of attosec- 
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FIG. 4. Reflective profiles of a pair of SiC/Mg multilayer 
mirrors as a function of photon energy. Filled profile shows 
the HH spectrum from Ar. Each number in parentheses refers 
to the incident angle (0siC/Mg)- Inset: A typical setup of our 
monochromator. 

In the inset of Fig. 21 we show an example setup of 
a monochromator using two MLMs, which is similar to 
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FIG. 5. Reflective profiles of a pair of Zr/Al (blue) and Mo/Y 
(red) mirrors as a function of photon energy. Incident angle: 
^Izr/Ar = 78° - 33°, Omo/y = 86° - 43°. 

that of a monochromator for synchrotron orbit radiation 
[ 23 . Although the total throughput is decreased, it is 
possible to fix the beam propagation direction using the 
pair of MLMs. We show the typical reflective profiles 
of a pair of SiC/Mg MLMs at several incident angles. 
The amber-filled profile exhibits a high-order harmonic 
spectrum from Ar [2l|, which is generated by a 30 fs 
Ti:sapphire laser. A pair of SiC/Mg MLMs attains ^ 20 
% reflectivity, which is equivalent to that of a six-optics 
setup of TDCM Here, the E/AE slightly increases 
to ~ 25, owing to the narrowing of the reflected beam, 
and the extinction ratio reaches ~ 10“^. By simply ro¬ 
tating the MLMs, we can precisely choose and isolate a 
single-order HH as the reflected beam. Figure 5 shows 
reflective profiles of a pair of Zr/Al and Mo/Y MLMs. 
Here each reflective profile corresponds to the incident 
angle adjustment for isolating a single odd-order har¬ 


monic beam (see top axis). As is shown, Zr/Al and 
Mo/Y MLMs well work as monochromators for isolat¬ 
ing a single-order HH beam. E/AE is to be 25 in 
Zr/Al and ^ 60 in Mo/Y. Note that one drawback of our 
monochromatization method is the lack of separation of 
the pump beam. For eliminating t he p ump beam, we will 
need to install beam splitters or a proper metal 

filter. 

In conclusion, we propose a monochromatization 
method that uses a proper designed MLM to efficiently 
extract a single-order HH beam. Our method is easy 
to handle and exhibits broadband tunability in the soft 
x-ray region. By simply rotating the MLMs, we can 
continuously choose and precisely isolate a single-order 
HH as the reflected beam. In our monochromator, we 
can obtain wide tunability in the photon energy range 
of 27 to 130 eV using an MLM with spatially sepa¬ 
rated coatings of SiC/Mg, Zr/Al, and MoY- Moreover, 
this monochromatization method preserves the femtosec¬ 
ond to attosecond temporal duration in the extracted 
HH beam. At present, a super continuum HH beam in 
the soft x-ray region is demonstrated for generating an 
isolated pulse with < 100 as [l|. By combining a su¬ 
per continuum HH beam and our monochromator, we 
can realize a tunable, coherent soft x-ray source with a 
sub-femtosecond pulse duration. Thus, our method will 
be very useful for ultrafast soft x-ray experiments such 
as femtosecond/attosecond, time-resolved, pump-probe 
spectroscopy. 

This work was supported by the Ministry of Educa¬ 
tion, Culture, Sports, Science and Technology (MEXT) 
through a Grant-in-Aid for Scientific Research (B) No. 
25286074, and through a Grant-in-Aid for Exploratory 
Research No. 24656069. 


[1] E. Goulielmakis et ai, Science 320, 1614 (2008) 

[2] E. J. Takahashi et al., Nat Commun. 4, 2691 (2013) 

[3] F. Krausz and M. Ivanov, Rev. Mod. Phys. 81 , 163 
(2009) 

[4] P. Villoresi et al., Appl. Opt. 38, 6040 (1999) 

[5] L. Nugent-Glandor et al., Rev. Sci. Instrum. 73, 1875 

( 2002 ) 

[6] L. Poletto et al.. Opt. Lett. 32, 2897 (2007) 

[7] F. Frassetto et al., Opt. Express 16, 6652 (2008) 

[8] M. Ito et al.. Opt. Express 18 , 6071 (2010) 

[9] H. Igarashi et al.. Opt. Express 20, 3725 (2012) 

[10] L. Polett et al., J. Opt. A: Pure Appl. Opt. 3, 374 (2001) 

[11] T. Togashi et ai, Opt. Express 19 , 317 (2011) 

[12] S. Ackermann et al., Phys. Rev. Lett. Ill, 114801 (2013) 

[13] M. Wieland et al., Appl. Phys. Lett. 81 , 2520 (2002) 


[14] R. Fruke et al., Europhys. Lett. 72, 915 (2005) 

[15] Y.C. Lim et al., Appl. Phys. A 72, 121 (2001) 

[16] E. D. Palik, Handbook of Optical Constants of Solids 
(Academic, San Diego, Calif., 1985) 

[17] T. Ejima et al., Jpn. J. Appl. Phys. 40, 376 (2001) 

[18] H. Takenaka et al., J. Electron Spectrosc. Relat. Phenom. 
1047, 144 (2005) 

[19] E. J. Takahashi et al., Appl. Phys. Lett. 84, 4 (2004) 

[20] H. Mekaru et al.. Rev. Sci. Instrum. 70, 2601 (1999) 

[21] E. J. Takahashi et al., Phys. Rev. Lett. 104, 233901 

( 2010 ) 

[22] Poletto et al., J. Opt. Soc. Am. B B44, 25 (2008) 

[23] E. J. Takahashi et al. Opt. Lett. 29, 507 (2004) 

[24] Y. Nagata et ai. Opt. Lett. 31, 1316 (2006) 



















